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P(EЈ,E)ϰexp͓Ϫ͕(EϪEЈ)/(C
For small colliders ͑helium, argon, xenon, N 2 , and CO 2 ) the P(EЈ,E) show increased amplitudes in the wings compared to a monoexponential form (Y Ͻ1). For larger colliders, the wings of P(EЈ,E) have an even smaller amplitude (Y Ͼ1) than that provided by a monoexponential. Approximate simulations show that the wings of P(EЈ,E) at amplitudes Ͻ1ϫ10 Ϫ6 (cm Ϫ1 ) Ϫ1 have a nearly negligible influence on the population distributions and the net energy transfer. All optimized P(EЈ,E) representations exhibit a linear energy dependence of the collision parameter ␣ 1 (E)ϭC 0 ϩC 1 •E, which also results in an ͑approximately͒ linear dependence of ͗⌬E͘ and ͗⌬E 2 ͘ 1/2 . The energy transfer parameters presented in this study have benchmark character in certainty and accuracy, e.g., with only 2%-5% uncertainty for our ͗⌬E͘ data below 25 000 cm 
I. INTRODUCTION
Collisional relaxation and activation processes at chemically significant energies play an important role in many molecular reaction systems.
1,2 A complete description is possible if the central quantity governing collisional energy transfer ͑CET͒-the collisional transition probability P(EЈ,E)-is known. In the first paper, part I of this series, we presented the details of a method, which can map out complete P(EЈ,E) distributions experimentally, called ''kinetically controlled selective ionization ͑KCSI͒. '' 3 This technique is still the only one available, which allows us to obtain full P(EЈ,E) from relaxing distributions of highly vibrationally excited molecules, even if this donor is characterized by an extremely high, quasicontinuous density of states. From KCSI, the first moment of energy transfer ͗⌬E͘ and higher moments, like e.g., ͗⌬E
2 ͘, and their energy dependence can be extracted with a high degree of accuracy.
We have demonstrated this in detail in part II of this series, in which the CET of toluene was investigated up to energies of 50 000 cm Ϫ1 . 4 The main body of available experimental CET data however stems from different types of direct experiments, which detect signals related to the average energy loss in time of a whole population of excited donor molecules in a bath gas M. These methods are sensitive only to the first moment of energy transfer ͗⌬E͘, and details on the relaxing population distributions and P(EЈ,E) cannot be obtained. The evaluated ͗⌬E͘ results of such studies are heavily dependent on the quality of the calibration curve available, relating the observable ͑absorption or fluorescence͒ with the average energy ͗E͘ of the molecules. By differentiating the ͗E(t)͘ curve or related methods, the first moment ͗⌬E͘ can be obtained. low 11 and high excitation energies 12 found a more or less linear energy dependence with a potential leveling-off at high energies. The most recent UVA study by Schwarzer and co-workers shows a further improved signal to noise ratio. 13 These experiments were carried out at temperatures у373 K for excitation energies Ͻ20 000 cm
Ϫ1
. They found an essentially linear energy dependence of ͗⌬E͘ over the whole energy range, in several cases with substantial deviations from the results of Hippler et al.
Because of the considerable spread in ͗⌬E͘ between the available experiments ͑even for the same detection method͒ and the complete lack of knowledge with respect to P(EЈ,E), there is clearly a need for a high accuracy study of azulene. A thorough investigation of this type is carried out in this paper. We present the first measurements of CET, which are completely independent of any calibration curve. This could be achieved, because the information content of the KCSI data set established in this study is so extended that all energy transfer parameters and also the shape of the KCSI observation window function can be deduced from the signals, due to the mathematically very complex character of the sets of the highly correlated KCSI curves. 3, 4 From the technical side, we employ for the first time a 2-color KCSI process and will discuss its implementation in greater detail.
We will show that all our data can be successfully described by our recently introduced monoexponential
3-parameter P(EЈ,E) form with a parametric exponent Y in the argument, P(EЈ,E)ϰexp͓Ϫ͕(EϪEЈ)/(C 0 ϩC 1 •E)͖
Y ͔. This was originally introduced by us as a purely mathematical function employing a minimum number of parameters. However, very recent theoretical studies by Nordholm and coworkers using a modified statistical model, the ''partially ergodic collision theory ͑PECT͒,'' are able to reproduce the shape of the KCSI P(EЈ,E) functions and the observed trends with bath gas size. 14 The PECT study for azulene can be found in the following paper. 65 
II. APPLICATION OF KCSI TO THE AZULENE SYSTEM
A full account of the KCSI technique has already been given in part I of this series, 3 so only the key aspects will be mentioned here. A general KCSI scheme is shown in Fig. 1 . Azulene is promoted to an excited electronic state by a pump laser ͑wavelength 0 ) and undergoes fast internal conversion to produce highly vibrationally excited molecules in the electronic ground state (S 0 *). Subsequently, collisional deactivation in the bath gas M takes place. After a variable delay time t, molecules within a narrowly defined observation window are probed by a 2-color 2-photon KCSI process ͑wavelengths 1 and 2 ), as shown on the right-hand side, via a resonant intermediate state. Two central requirements must be therefore fulfilled for applying KCSI. First, an efficient photophysical process should be available in order to produce a sufficiently large population of highly vibrationally excited molecules. Second, the molecule must posess an electronic intermediate state suitable to provide experimentally useable ''observation windows'' of the KCSI detection process. In both respects, azulene is ideally suited for KCSI studies.
A. Preparation of highly vibrationally excited azulene molecules
We use a fast internal conversion ͑IC͒ process for the preparation of a well-defined nascent population of highly vibrationally excited azulene molecules in the electronic ground state: a suitable UV/VIS ns laser pulse is used to promote azulene to an excited electronic state S n . The subsequent isoenergetic transition S n →S 0 is very fast ͑ns or shorter, see below͒ compared to the timescale of collisional deactivation ͑s͒. It therefore generates a population of vibrationally hot molecules in S 0 * before any collision occurs.
The resulting nascent population distribution can be well described by a thermal Boltzmann distribution at the temperature of the experiment ͑here 300 K͒ shifted by the energy of the exciting photon. It is thus very narrow, i.e., quasimicrocanonical, compared to the total energy range of collisional deactivation.
The photophysics of azulene in the gas phase has been studied in considerable detail. The absorption spectrum 15 in Fig. 2 k IC increases with increasing excess energy. 16, 24 Intersystem crossing (S 1 →T 1 ) and fluorescence play no role. 25, 26 In the S 2 state, IC is also the dominant process: A quantum yield of IC ϭ0.96 was found, whereas fluorescence is of minor significance to the present work ͓ f (S 2 →S 0 )ϭ0.04 at the origin͔. 27 The rate constant for FIG. 1. General scheme for a 1-photon pump 2-photon probe KCSI experiment. Note that the downward arrows on the left side refer to the net energy transfer ͑sum of downward and upward collisions͒, i.e., ͗⌬E͘, which is negative for all energies above ͗E͘ϭ͗E͘ th ͑ϭ979 cm Ϫ1 for azulene at 300 K͒.
internal conversion at the origin is k IC ϭ2.93ϫ10 8 s Ϫ1 and increases with energy. 17, 18, [27] [28] [29] [30] Intersystem crossing from S 2 is negligible. 25 Excitation to the higher electronic states S 3 -S 5 also produces highly vibrationally excited S 0 * azulene by IC via the S 2 state. 29, 31 It is therefore clear that azulene is an ideal system to prepare highly vibrationally excited S 0 * molecules, because IC is the dominant process in all its excited electronic states. For the KCSI experiments in this study, we prepared highly vibrationally excited azulene molecules by excitation with 0 ϭ532 nm (S 1 ), 337 nm (S 2 ) or 266 nm (S 4 ), corresponding to average excitation energies ͗E͘ th ϩhc/ 0 of 19 776, 30 653 or 38 573 cm Ϫ1 , respectively, ͗E͘ th being the average thermal azulene energy at 300 K ͑979 cm Ϫ1 ͒. Finally, the isomerization of azulene to naphthalene has to be considered. The available energy-dependent specific rate constants for this process show that-under the pressure conditions in our study-the isomerization can only compete at very high excitation energies and has no influence on the shape of the KCSI signals, 12,32-34 see Sec. III C for a detailed discussion.
B. ''Self-calibrated'' and calculated observation windows
As will be discussed in Sec. IV, the information content of the mathematically complex, nonmonotonic KCSI curves of the experiments is so large that the wavelength and energy dependent ionization probabilities ͑ϭwindow functions͒ 3, 4 can be directly obtained from our master equation simulations of the experimental data, see also part I. The energy transfer results of this study are therefore ''self-calibrating'' and no longer dependent on a window function calculated from external molecular data of various accuracy. Nevertheless it is very instructive to compare the self-calibrated window functions with their calculated counterparts, based on available photophysical data for the azulene system.
The methodology of calculating window functions was already described in part I of this series. 3 Here we focus only on the specific details for azulene. It has been shown that the shape of the window at the wavelength 1 and 2 depends on the energy dependent rate coefficient k(E) of the loss channels in the resonant intermediate state and the wavelength and energy dependent absorption coefficients in the ground (⑀ 1 ) and intermediate state (⑀ 2 ). These three quantities must be determined to be able to calculate the window functions W(E, 1 , 2 ) for azulene:
. ͑1͒
Rate constant k(E)
In the case of azulene, S 2 is the ideal candidate for an intermediate state in the KCSI process, because it shows the required pronounced lifetime dependence (E) on excess energy for kinetic control of the ionization process. Very recently, highly accurate lifetime data for about 70 vibrational levels in S 2 up to 3700 cm Ϫ1 excess energy have become available from fluorescence measurements using timecorrelated single photon counting in a molecular beam. 17 It was found that the rate constant k(ϭ Ϫ1 ) at the S 2 origin is kϭ2.93ϫ10 8 s Ϫ1 and increases with energy. These results confirm and considerably extend the earlier molecular beam measurements of Refs. 27 and 28. In addition, experiments in a gas cell at room temperature also performed in Göttin-gen yielded precise lifetimes for 20 average excess energies ͗E͘ between 1900 and 7700 cm Ϫ1 . 29 In a preliminary analysis, the multiexponential fluorescence decays observed in these thermal experiments were fitted by a monoexponential function. This yields k values at the average energy ͗E͘ of the respective thermal distribution, which nicely extend the results of Ref. 17 . Note that all time-resolved measurements ͑shown as filled symbols in Fig. 3͒ , are of very high accuracy, with typical error bars within a point size.
k can also be deduced from the absolute fluorescence emission quantum yields f of Amirav for energies up to 15 000 cm Ϫ1 , 31 and relative quantum yields of Hirata et al. given in Ref. 30 . Hirata's data were scaled to agree with those of Amirav at low and high energies. Here both data sets are merely included for the sake of completeness. k values deduced from the latter kind of studies are less precise, as they crucially depend on the unknown energy dependent radiative lifetimes. We took a reasonable estimate of 1ϫ10 7 s Ϫ1 for the radiative rate constant k f and calculated k(E) from the quantum yield data via k(E) ϭk f / f (E). These values are also included in Fig. 3 ͑crosses͒. All time-resolved measurements show excellent agreement. Not un-expectedly, the data of Amirav and Hirata show deviations. For the calculation of W(E, 1 , 2 ) we therefore fitted the accurate data points from the timeresolved experi-ments 17, [27] [28] [29] by a biexponential function ͑in-cluded as a solid line in Fig. 3͒ ,
Note that this fit yields very accurate values for k(E) up to energies of 8000 cm Ϫ1 . This is more than sufficient for calculating the observation window. Uncertainties in k(E) at higher excess energies are irrelevant, because at such energies the window amplitudes are anyway already very small ͑see below͒.
Absorption coefficients
During the simultaneous irradiation of the relaxing ensemble with the ionizing wavelengths 1 and 2 it is impossible to distinguish between the two possible absorption sequences 
͑3͒
which comprise the ionization process. Therefore it has to be kept in mind that there will be contributions from both combinations. The energy dependence of the ground state absorption for both sequences must be considered. In our earlier investigation on toluene, energy dependent absorption coefficients ⑀ 1 were deduced from temperature dependent shocktube data. 4 Unfortunately, for azulene such experimental results exist only up to wavelengths around 300 nm. 35 However, as the probe wavelengths 1 ϭ365, 355, and 350 nm used in this study are located on the long wavelength edge of the S 2 band ͑Fig. 2͒, we can use a simple exponential Boltzmann expression for describing the temperature dependence of ⑀ 1 ,
ͪ .
͑4͒
Here 
͑5͒
which is valid in the range 300-2700 K. The transformation between T and ͗E͘ in azulene can be accomplished via the partition function
using the 48 experimental vibrational frequencies i for azulene. 36 Between 300 and 2000 K this relationship can be well described by the expression,
As discussed in our earlier publication, the absorption coefficient from higher lying vibrational levels of electronically excited azulene states, ⑀ 2 ( 2 ,E(S 2 *)), into the ionization continuum ͑vertical ionization potential for azulene, 59 781 cm Ϫ1 ͒ ͑Ref. 37͒ should be to a good approximation energy independent. 4 This is supported by a very recent comparison 38 of the fluorescence excitation 39-41 and 1-color ͑1ϩ1͒ REMPI spectra 38 for the S 0 →S 1 transition of transstilbene in a molecular beam. In both types of experiments very similar spectral line intensities are found. The absorption coefficient for the second step in the REMPI process therefore appears to be virtually constant ͑i.e., independent of the S 1 vibrational level prepared͒ and largely independent of the specific wavelength 2 for the transition from S 1 into the ionization continuum.
W"E, 1 , 2 … from independent molecular data and from master equation simulations
By combining the expressions for k(E) and ⑀ 1 ͓Eqs. ͑2͒, ͑4͒, and ͑5͔͒ with Eq. ͑1͒ and assuming a constant value for ⑀ 2 , ''window functions for each wavelength 1 '' ͑i.e., the summed ionization probabilities of the two contributions 1 ϩ 2 and 2 ϩ 1 , where 2 is always 308 nm͒ can be calculated. At this point it is possible to confront these windows with our optimized ionization probabilities as obtained from our master equation simulations. In Fig. 4 a comparison between the optimized windows ͑solid line͒ and the ones determined from independent molecular data ͑dashed line͒ is shown for 1 ϭ350 nm.
First, we compare the decay of the window functions at energies above roughly 2000 cm Ϫ1 . This is due to the strong decrease of the lifetime ͓ϭincrease of k(E)] in the S 2 state with increasing excess energies which gradually closes the window towards high energies. We find satisfactory agreement between the optimized window function ͑which automatically came out from our master equation simulations͒ and the calculated one. This is nice experimental evidence that our method to calculate window functions is essentially correct and reliable, especially with respect to systems where the experimental data set is not as complete as for azulene.
Deviations between the self-calibrated and calculated window are visible at the low energy edge. The former one has its lower edge at higher energies. Such a higher cut-off of the optimized windows relative to the windows calculated from independent molecular data has been also observed for toluene. 4 As explained in detail in our earlier publication, this difference is due to the continuous description of the window function which of course does not take into account quantization effects at the lowest energies: Sparser structures of rovibrational levels show up at sufficiently low energies of the electronic intermediate state and become especially important for relaxed molecules at energies close to the ground state even for larger polyatomic molecules like azulene. As a result, the a priori ''windows'' calculated from external molecular parameters will overestimate the effective ionization coefficient at their low energy edge. Truncating the low end of such windows provided a surprisingly effective ad hoc correction for the neglected quantum effects at least for sufficiently large molecules. 4 After truncation, an identical decay behavior at higher energies is obtained when both types of windows are scaled to have the same integral ͑as done in Fig. 4͒ . Such a normalization procedure is reasonable, because it ensures that both windows generate ͑approximately͒ the same absolute signal amplitude. Note that the introduction of such a normalization factor has no influence on the shape of the KCSI fit. It should also be mentioned that there is no way to conclude from some visible ambiguities between alternative observation windows ͑e.g., in Fig. 4͒ on possibly resulting uncertainties of corresponding KCSI results without detailed modeling. We refer to a long section, IV B of part II, 4 where it has been discussed in detail and shown quantitatively that there is only a surprisingly low influence of shape and extension of the lower part of the window on the KCSI data and thus the derived values.
III. EXPERIMENTAL DETAILS

A. Overview of the setup
Full details of the KCSI setup were already discussed in Ref. 3 so only the specifics for azulene will be given here. The pump wavelength 0 ͑532, 337 or 266 nm͒ was typically produced by an excimer pumped dye-laser ͑with optional frequency doubler for 266 nm͒. For some measurements a frequency-doubled or quadrupled Nd:YAG laser was used ͑532 and 266 nm͒. The tunable probe wavelength 1 ͑350, 355, and 365 nm͒ was generated by a similar excimer/dye laser combination. A small portion of the excimer beam was split off and used as wavelength 2 . Typical fluences were 8 -12 mJ cm Ϫ2 for the pump beam ͑diameter d 0 у2.5 mm) and 30-45 mJ cm Ϫ2 for the dye laser beam ͑diameter d 1 у1.5-2.0 mm). In contrast, the excimer laser output was strongly attenuated, which led to a considerable improvement in signal quality ͑fluence typically 0.2 mJ cm
Ϫ2
, d 2 ϭd 1 ). Signals at 266 nm excitation had a much higher background of ions produced by the pump laser and consequently worse quality. Therefore only selected signals for helium and argon were measured.
Bath gas pressures in the flow system ranged from about 6 mbar ͑He͒ to roughly 0.6 mbar ͑n-heptane͒, corresponding to a typical pump-probe delay of 5-10 s. The partial pressure of azulene in the cell was extremely low so that azulene self-collisions had no influence on the measured KCSI curves. This was routinely checked by changing the ratios of the partial pressures. No changes in the signal shape were observed.
The chemical substances were all commercially available: azulene from Aldrich ͑Ͼ99%͒, helium, argon, N 2 and CO 2 from Messer-Griesheim ͑all better than 99.995%͒, xenon from Linde ͑99.990%͒; 1,3,5-cycloheptatriene ͑CHT͒ from Fluka ͑Ͼ95%͒; cis-2-butene ͑Ͼ95%͒ and n-heptane ͑Ͼ99%͒ from Merck. Azulene was stored in the dark and further purified by vacuum sublimation directly before use. The CHT samples were carefully distilled to remove residual impurities and stored in the dark at 253 K. All liquid colliders were thoroughly degassed by several freeze-pump-thaw cycles before use.
B. Isolating the two-color 1¿1 KCSI ion signal
In a multicolor REMPI pump-probe experiment of the present type it is essential to have an unambiguous method for extracting the ion signal of interest from the sum total of all participating ionization channels. Figure 5 presents all the possible channels in such a 3-color pump-probe experiment. Measurement of the time-dependent KCSI signal I D (t) ͑the 2-color, 2-photon ionization of the relaxing vibrationally excited population͒ will be unavoidably accompanied by the simultaneous registration of the ion signals A -F. The timedependent total ion signal registered I tot (t) is given by
where is the total degree of excitation. In order then to extract I D (t) from I tot (t), and each of the ion signals A -F must be quantified. To this end, separate control measurements were performed throughout the experiment, which monitored the various ion channels. The six control measurements and their associated ion channels are presented in Table I . Like I tot (t), the ion signals E(t) and F(t) involve ionization of the vibrationally excited azulene population during collisional relaxation. They are therefore timedependent and were remeasured at each new delay setting. Channels A -D, whilst not delay-dependent, were nevertheless regularly monitored throughout the experiment to avoid long-term drifting in the laser energies. Since the control measurements I 0 -I 5 and the measurement of the total ion signal I tot (t) are not simultaneous, and as minor variations in the experimental conditions are inevitable, precautions had to be taken to ensure that the control ion signals recorded remained relevant for the measurement of I tot (t): Reasonably stable temperature conditions and preliminary flow times long enough to ensure attainment of steady-state conditions resulted in only very slight pressure variations throughout the experiment, implying insignificant changes in the azulene concentration of the highly diluted gas mixture. Long-term drifting in the laser energies was compensated for by discriminating against energies more than about 5% above or below the mean beam energies as measured at the start of the experiment. The effectiveness of this procedure was monitored by the constancy of reference I tot signals measured regularly throughout the experiment at a chosen fixed delay time t ref . The reference signals also served to check for the effects of any loss in cell window transmission due to slowly accumulating deposits of photoproducts, though this was rarely a problem at the fairly low laser intensities employed. The resulting variation in the reference measurements was found to be so small that neither the subsequent normalization of the signal amplitudes to an appropriate reference energy, nor their correction as a function of the running total of laser shots, was necessary.
Shot-to-shot variations in the laser energies are inevitable and lead to corresponding variations in the ion signals which, assuming unsaturated transitions, scale with the power of the number of photons involved in the ionizing transition. In order to compensate for the effects of such energy fluctuations, the following expressions were adopted to describe the observed energy dependences of the control measurement ion signals I 0 -I 5 , for control measurements I 0 -I 2 ,
and for control measurements I 3 -I 5 ,
where c is the number of the respective control measurement (cϭ0 -5), E i is the beam energy of laser i, and k c and m c,i the corresponding fit parameters describing the observed energy dependence of I c on E i . Those control measurements which were known to produce no ions ͑e.g., I 0 with 0 ϭ532 nm) were not recorded. All others involved recording the ion signal and the laser energies over typically 15-50 laser shots. Subsequent least-squares minimization of the linearized forms of Eqs. ͑9͒ and ͑10͒ enabled the fit parameters k c and m c,i to be determined. For each of the 50 shots which made up a single determination of I tot (t), the beam energies and the appropriate fit parameters from the corresponding control measurements were combined to determine the ion signals I 0 -I 5 . The ion signals A -F were then taken into account by calculating a ''raw'' difference signal I raw (t),
Substituting the expressions from Eq. ͑8͒ and Table I gives
which provides access to the KCSI signal I D (t) given that and D are known.
If the ion signal D is nonzero, i.e., if the ionization window does not lie energetically above the fully relaxed thermal vibrational distribution, and given that is not negligibly small, the ''raw'' ion signal will have a negative initial offset and a final value of zero. An example of such a single experimental KCSI curve for the collider xenon is shown in Fig. 6͑a͒ . The initial negative offset in I raw (t) arises because immediately following preparation (tϭ0), no part of the relaxing population has yet reached the ionization window ͓i.e., I D (tϭ0)ϭ0]. At long times, the KCSI ion signal I D (t) from the then fully relaxed population will be simply D and therefore I raw (t→ϱ)ϭ0. Since the ion signal D is calculable from the control measurements ͑Table I͒ and D is available from I raw (tϭ0), one has direct experimental access to the total degree of excitation via
For the curve in Fig. 6͑a͒ using Dϭ641 mV and I raw (tϭ0) ϭϪ62 mV one obtains a total degree of excitation of ϭ9.7%.
We want to conclude this paragraph with a few remarks on the error limits in our azulene KCSI measurements. The time-delay between the pump and probe pulses can be measured with high accuracy. With an upper limit for the time measurement error of 1 ns, we obtain-at a typical maximum position of a KCSI signal (⌬tϭ2000 ns)-a negligible error of 0.05%. The pressure measurement is precise within roughly 0.3%, so the uncertainty on the ''number of collision axis'' Z LJ ͓M]t ͑see below͒ is less than 0.4%. The uncertainty of the measured KCSI ion yield is more difficult to estimate. For each time delay the total ion yield and control measurements were typically averaged over 15-50 laser shots, and then the aforementioned subtraction scheme was applied. Several of these KCSI signals were then averaged. We estimate a 1%-4% uncertainty in the ion signal ͑compare, e.g., the tail regions of the signals in Fig. 6͒ . Further assessment of upper and lower error limits on the basis of the master equation analysis in Sec. IV C yields uncertainties in the moments of energy transfers of about 2%-5%, in reasonable agreement with the values obtained in this section.
C. Influence of multiphoton processes and the isomerization to naphthalene
At higher pump laser powers, the total degree of excitation rises, apparent as a larger initial negative offset I raw (t ϭ0), but also the fraction of 2-or multi-photon absorption increases, populating higher lying electronic states. As already described in Sec. II A, rapid internal conversion is the dominant decay channel from these states, which produces highly vibrationally excited S 0 azulene via the S 2 state. The multiphoton absorption of 0 would lead to a multimodal distribution of highly vibrationally excited ground state azulene. In the following, we denote the excited ground state population resulting from 1-photon absorption and subsequent efficient IC as S 0 * , that following 2-photon excitation as S 0 ** , etc.
Several influences can be expected: Higher pump intensities will give rise to improved signal to noise ratios due to the increased fraction of molecules excited. In addition, the signal will rise later and be broader than its counterpart recorded at lower pump energies. Such a behavior has been indeed observed in our measurements for azulene pumped at 0 ϭ532 nm ͑not shown here͒. Qualitatively, this dependence of the signal shape on the laser pump intensity can be easily accounted for by the fact that the S 0 ** populations require a longer collisional deactivation period before reaching the ionization window. A quantitative interpretation of such a KCSI signal, however is very difficult, as it would require a detailed knowledge on the various ͑not known͒ absorption coefficients of the S 0 * , S 0 ** ,... populations to reliably model their individual contributions. For this reason, extreme care was taken in the measurements at the excitation wavelength 0 ϭ532 nm. The pump laser intensity was attenuated to a level low enough to prevent visible influences of multiphoton excitation on the KCSI signal.
Interestingly, such a dependence of signal shape on pump laser intensity was not observed for 0 ϭ337 nm, and this is indicative of a further process which has to be considered, the isomerization to naphthalene. If the S 0 * , S 0 ** , S 0 *** ,... populations undergo efficient, rapid unimolecular reaction to ''inert'' products, they are effectively removed, leaving only the S 0 * population which then collisionally relaxes. The resulting KCSI signal should thus be identical in shape ͑though not in absolute amplitude͒ to that recorded at lower pump laser intensities ͑where only the S 0 * population is produced͒. We have found evidence for such a mechanism, as demonstrated in Fig. 6͑b͒ for the collider n-heptane as an example. The raw KCSI signal has both an initial and final negative offset. This can be easily explained as follows: The value of I D from the fully relaxed population is I D (t→ϱ) ϭ 1Ϫ P D, where 1Ϫ P is the degree of single-photon excitation. With being the total degree of excitation ͑i.e., 1-plus multiphoton͒ as above, one has I raw (tϭ0)ϭϪD.
As 1Ϫ P Ͻ, one predicts a negative raw ion signal at long times, i.e., I raw (t→ϱ)ϭ( 1Ϫ P Ϫ)D. For the specific example in Fig. 6͑b͒ ͓Dϭ5395 mV and I raw (tϭ0) ϭϪ1035 mV] one obtains a total degree of excitation ϭ19.2% with a 1-photon contribution 1Ϫ P ϭ17.6%. Thus the multiphoton contributions amount to a total of 1.6%.
The observed behavior is also in excellent accord with the known energy dependence of the rate coefficient k(E) for the isomerization azulene→naphthalene. 12, [32] [33] [34] The isomerization yield in such a photoactivated system can be estimated from the Stern-Volmer expression,
where E ac is the mean initial energy of the various vibrationally excited ground state populations S 0 * , S 0 ** ,..., and ͗k iso (E ac )͘ is taken from the fit in Ref.
12. The calculation is detailed here for the collider gas He. ͓Analogous calculations for heavier bath gas species (␥ C higher, ͓M͔ lower͒ lead to identical conclusions.͔ Z LJ is given in Table II , and the helium pressure was 6 mbar. Finally, the collisional efficiency ␥ C was calculated using the analytical formula of Troe,
The values for the parameters s* and E 0 were taken from Ref. 32 , and approximate ͗⌬E͘ from Ref. 11 . The resulting isomerization yields are presented in Table III . The expected trends based upon the above arguments are confirmed. Pumping with 0 ϭ532 nm produces effectively no naphthalene except at the highest pumping powers when 3-photon absorption may be relevant. If pump laser intensities high enough to produce significant quantities of S 0 ** are employed, the result will be broadened signals whose analysis is not straightforward due to the difficulty in characterizing the initial multimodal vibrational distribution. For this reason, the 0 ϭ532 nm signals were recorded at intensities low enough to prevent significant amounts of multiphoton absorption. The situation for 0 ϭ337 nm is very different, where 2-and multiphoton excitation initiates efficient ( iso Ϸ1) isomerization to naphthalene. Since naphthalene is transparent at the wavelengths employed in the present work, the KCSI ion signals will not be disturbed by its production. The 0 ϭ337 nm signals could thus be recorded at significantly higher laser intensities than the 0 ϭ532 nm signals, with the increased fraction of S 0 * resulting in an improved signal to noise ratio.
IV. KCSI CURVES AND QUANTITATIVE ANALYSIS OF P"EЈ,E…
Our azulene KCSI measurements can be found in Figs. 7-14 together with optimized fits from a master equation analysis ͑see below͒. The results for the pump wavelength 0 ϭ266 nm have been omitted for the sake of clarity. Each signal represents the average of between four and eight separate experiments, and is shown, normalized to its maximum, as a function of the average number of collisions Z LJ ͓ M ͔t, experienced at time t. Note that putting the KCSI data on a number of collision scale is only a matter of convenience for comparison with older data. This procedure is totally equivalent with discussing CET rates. For a summary of the Lennard-Jones collisions numbers Z LJ in this study ͑includ-ing effective well depths ⑀ LJ and radii LJ ), see Table II . They were calculated as described in Ref. 43 . Missing data for ⑀ LJ and LJ of individual substances were determined either from critical data or on basis of a reference substance ͑e.g., naphthalene in the case of azulene͒ by using increment tables for structural groups. 44 The lines in each figure represent our best master equation fit using a monoexponential transition probability function P(EЈ,E) with parametric exponent in the argument ͓Eq. ͑16͒, see below͔. The KCSI curves show the same systematic trends as in our toluene measurements: 4 with decreasing probe wavelength ͑from top to bottom͒ the observation windows are shifted down the energy scale. Consequently, the corresponding KCSI signals for an excitation energy of 19 776 cm Ϫ1 appear at increasingly later times ͑the population distribution needs more collisions to reach the window͒. At the same time, the residual ion signal increases due to the larger overlap between the window and the Boltzmann distribution. KCSI signals for increasingly higher excitation energies ͑30 653 cm Ϫ1 and 38 573 cm Ϫ1 ͒ show exactly the same trends. They are, however, systematically shifted to larger number of collisions, as the population distribution needs more collisions to reach the respective window. Note that-for a given window-the difference in ''arrival times'' between two excitation energies is an approximate direct measure of ͗⌬E͘ in this energy interval. For instance, in Fig.   7 ͑helium͒ a difference of roughly 120 collisions ͑easily from a simple back-of-the-envelope calculation, in excellent agreement with the exact result of the detailed master equation analysis ͑see Fig. 18 below͒ presented in the following.
A. Best fit P"EЈ,E…: Monoexponential with parametric exponent Y
As in our earlier publications, we employed a master equation approach to explore the full information content of the KCSI curves. 3, 4 Experimental vibrational frequencies from Ref. 36 were used to calculate the densities of states of azulene using the Whitten-Rabinovitch approximation. A grain size of 20 cm Ϫ1 was employed in all simulations. Because in the present case the experimental information basis for azulene from mathematically complex and highly correlated KCSI curves is so extensive ͑three excitation wavelengths, three detection windows and eight bath gases͒, no assumptions with respect to the window functions have to be made. In other words, both, the actually used KCSI windows and the P(EЈ,E) parameters, can be extracted in a unique way from our fits to the KCSI data. This is a major step forward compared to traditional energy transfer methods, which always have to rely on the validity of some external calibration input. 9, 11 Just as in the case of toluene CET, our recently introduced functional form of P(EЈ,E) ͑monoexponential with a parametric exponent Y in the argument͒, provides an optimum representation for all azulene-bath gas combinations studied. 45 For downward collisions it is given by FIG. 12. Same as in Fig. 10 , but for the collider cis-2-butene. Fig. 7 , but for the collider n-heptane. Fig. 7 , but for the collider CHT.
FIG. 13. Same as in
FIG. 14. Same as in
P͑EЈ,E ͒ϭ
where c(E) is a normalization constant. The upward branch of P(EЈ,E) with EЈϾE is then given by detailed balance. The best fit master equation simulations using this functional are included in Figs. 7-14. Table IV shows the parameters for the whole set of colliders. There is a remarkably smooth and uniform increase of all three parameters (C 0 , C 1 , and Y͒ with the ''size'' of the collider. Y varies between 0.65 for helium and 1.2 for large polyatomics. For an illustration how the shape of P(EЈ,E) changes for selected bath gases with different Y values, see Fig. 15 . In the semilogarithmic representation, exponents Y Ͻ1 correspond to a ''concave'' curvature, whereas exponents Y Ͼ1 yield a ''convex'' curvature. Compared with the linear shape of monoexponential P(EЈ,E) at Y ϭ1, this clearly classifies only small colliders with Y Ͻ1 as having relatively enhanced probabilities for transfer of large ⌬E. On the contrary, large colliders systematically show Y Ͼ1 and thus a relative drop-off of P(EЈ,E) in the wings or reduced probabilities of ''supercollisions.'' These findings are very similar to our recent KCSI results for toluene, 4 where parametric exponents Y between 0.65 ͑helium͒ and 1.5 ͑n-heptane͒ were found, as well as a linear energy dependence of the parameter ␣ 1 (E) for all colliders. It occurs as a general behavior in all the systems studied by the KCSI technique so far. ; ͑b͒ same as in ͑a͒ but using a semilogarithmic representation. Note the concave overall curvature for Y Ͻ1 ͑helium and CO 2 ) and the convex curvature for Y Ͼ1 ͑cis-2-butene͒. The parameters are from Table IV.
FIG. 16. Collisional transition probabilities P(EЈ,E)
for the collider n-heptane at the excitation energies 1000, 10 000, 20 000, and 30 000 cm statistical theory, which is of course no model on dynamical detail, is nevertheless the first one which can reproduce both the bath gas dependence of Y and the energy dependence of ␣ 1 (E) on a sometimes even quantitative level. It therefore appears as if Eq. ͑16͒-originally proposed by us empirically as a very flexible P(EЈ,E) functional with a minimum number of parameters-also can be justified on the basis of a statistical description without dependence on detailed assumptions of very specific dynamics. This situation seems to indicate parallels with the success-and limitations-of statistical theories in reactive processes. A detailed discussion is given in the article following this one.
B. Influence of the long P"EЈ,E… tails on the energy flow
Considering recent debates on CET it is interesting to check, to which extent long tails of P(EЈ,E) distributions at large ͉EЈϪE͉ have an influence on the energy transfer behavior and how they will appear in the shape of our KCSI simulations. Small changes in P(EЈ,E) will show up during the collision cascade as clear changes of the resulting g(E) distributions, because the KCSI signal is very sensitive to cumulative effects. The following discussion is based on the heptane case, but it should be stressed at this point that any other collider, e.g., argon or CO 2 , could have been taken, i.e., the findings are independent of the detailed curvature of P(EЈ,E), and are valid ͑within small numerical differences͒ for colliders with Y Ͻ1 and Y Ͼ1 alike. Additional examples are omitted here only for the sake of brevity.
The energy dependent shape of the heptane P(EЈ,E) is shown in Fig. 16 for the energies 1000, 10 000, 20 000, and 30 000 cm Ϫ1 in a linear ͑a͒ and semilogarithmic ͑b͒ representation. In the lower plot, one can clearly notice the convex shape of P(EЈ,E) for this bath gas (Y ϭ1.2). In addition, the energy dependence of the parameter ␣ 1 ϭC 0 ϩC 1
•E, which leads to an increase of the width of P(EЈ,E) with increasing energy, is evident in both plots. We carried out detailed master equation simulations, in which we took the optimized parameters from Table IV, but deliberately truncated P(EЈ,E) at a certain value, e.g., 5ϫ10
Ϫ6 (cm Ϫ1 )
Ϫ1
͓dotted line in Fig. 16͑b͔͒ . When doing so, the normalization constants c(E) in Eq. ͑16͒ must be adjusted. Note that this is an approximate procedure which will-to a small extentdiminish the contribution of the tail, as the amplitude of the remaining part of the truncated P(EЈ,E) will be scaled up compared to its untruncated counterpart. The resulting g(E) population distributions and corresponding KCSI simulations for an observation window at 355 nm are shown in Fig. 17 as dashed lines for the collider n-heptane. Solid lines correspond to simulations with the full P(EЈ,E). We see a minor difference for the truncated P(EЈ,E): As expected, the g(E) distributions and KCSI simulations lag a bit behind those employing the full P(EЈ,E), due to the lack of a few efficient deactivating collisions. An analysis of runs for several cut-off parameters and a variety of bath gases shows that for values р1ϫ10 Ϫ6 (cm Ϫ1 ) Ϫ1 ͓dashed line in Fig. 16͑a͔͒ the simulations with full and truncated P(EЈ,E) become indistinguishable. A more detailed calculation including an exact treatment of the normalization procedure will lead to a decrease of this cut-off value, which however-as our preliminary calculations show-will not let this limit drop below 1ϫ10
The message from such an analysis is, that the influence of collisions in the P(EЈ,E) wing at amplitudes below roughly 1ϫ10
Ϫ6 (cm Ϫ1 ) Ϫ1 is indeed negligible in the large majority of applications. For instance, in the typical kinetic competitions between unimolecular reactions and CET these collisions will not matter because of their very low statistical contribution. One exception to this will only be a clear single collision situation, like in special chemical activation systems, with conditions under which statistical chances of sequential collisional activation are so low that especially efficient single collisions are the only way to introduce at all a reaction with a high product activation barrier in a strongly deactivating solvent. 
C. Moments of energy transfer Š⌬E
n ‹ for azulene from P"EЈ,E… Having established our optimized P(EЈ,E) parameters we can evaluate every energy transfer quantity of relevance. We are specifically interested in the energetic dependence of the moments of energy transfer,
nϭ1 is denoted as the first moment, the average energy transferred per collision ͗⌬E͘, which represents the sum over all downward ͑ϭdeactivating͒ and upward ͑ϭactivating͒ collisions. The second moment (nϭ2), the mean-squared energy transferred per collision ͗⌬E 2 ͘, is related to the width of P(EЈ,E) and therefore also the width of the relaxing distribution g(E,t).
͗⌬E͘ and the square root of the second moment, ͗⌬E 2 ͘ 1/2 are plotted in Figs. 18 and 19 for all bath gases, employing the optimized P(EЈ,E) parameters from Table IV. For the following discussion, the first and second moments are summarized for selected energies in Tables V and  VI. In addition, Table VII contains the parameters of accurate third order polynomial fits to ͗⌬E͘ and ͗⌬E 2 ͘ 1/2 for the energy range between roughly 4000 and 40 000 cm Ϫ1 and the bath gases of this study.
For all colliders, ͗⌬E(E)͘, the average energy transferred per collision, is approximately linear, with the exception of the lowest energies (Eр2000-5000 cm Ϫ1 , depending on the bath gas͒. ͗͗⌬E͘͘ϭ0 has to be fulfilled in thermal equilibrium (͗E͘ϭ͗E͘ th ), thus, the sudden turn towards zero energy transfer is due to the constraints of detailed balancing when approaching ͗E͘ th , here 300 K. A more detailed look at the first moments reveals a small upwards curvature of Ϫ͗⌬E͘ with increasing energy beyond the low range for small colliders up to N 2 . However, this slightly concave shape disappears with increasing size of the polyatomic colliders. Interestingly, the ''crossing'' of the ͗⌬E͘ curves for He  20  36  54  72  92  112  133  Ar  34  68  104  143  183  225  268  Xe  30  65  103  145  188  233N   2   47  90  136  184¯¯C  O 2  98  154  208  263¯¯c  is-2-butene 245  410  570  728¯¯C  HT  331  550  761  969  1176  1382n  -heptane  497  763  1011  1255  1498  17391 the bath gases argon and xenon in Fig. 18͑a͒ at E Ϸ16 700 cm Ϫ1 is not only found in azulene, but was also observed in our earlier study on toluene, where it was, however, shifted to lower energies ͑about 8000 cm Ϫ1 ͒.
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A statistical 2 error analysis was carried out to get upper and lower bounds for the parameters of the P(EЈ,E) expression in Eq. ͑16͒ ͑see also the discussion in the end of Sec. III B͒. This translates into an estimate for the uncertainties in our ͗⌬E(E)͘ curves. Note that this method yields results, which are practically identical to those obtained from a ''visual inspection'' procedure, as discussed in our earlier publication. 4 We find very small errors in ͗⌬E͘ of about 2%-5% over the whole deactivation range ͑about 40 000 cm Ϫ1 for helium and argon, 30 000 cm Ϫ1 for xenon, CHT and n-heptane, and 20 000 cm Ϫ1 for all other colliders͒. This is even smaller than in our toluene study ͑2%-7%͒, and underlines the high accuracy of the first moment data from KCSI experiments. The reason for this is easily understood: For excitation at 19 776 cm Ϫ1 we have ''full KCSI visibility'' of the g(E) distributions, as the signal immediately rises after the beginning of the deactivation ͑Figs. 7-14͒. Curves for higher excitation energies ͑30 653 and 38 573 cm Ϫ1 ͒ show a clearly defined period with ''zero signal'' before the actual rise of the KCSI signal. The difference in risetime of these signals compared to those starting at 19 776 cm Ϫ1 is a crucial experimental parameter: It is directly correlated with the absolute ͗⌬E͘ at high energies and imposes very severe constraints on possible ͗⌬E(E)͘ dependencies in the energy range above our direct ''KCSI visibility'' range.
The second moment of energy transfer, ͗⌬E 2 ͘, the mean-squared energy transferred per collision, also shows a pronounced energy dependence. The same order of increasing values for the various collider gases is found as for the first moments. This becomes more evident after removing the quadratic dependence, as done in the plots of Figs. 18͑b͒
, the square root of the second moment, also follows an approximately linear dependence on energy rather similar to that observed for all ͗⌬E͘ curves. The same type of cross over in the order of collider efficiencies from argonϾxenon at low energies to xenonϾargon at high vibrational energies appears as in the first moments.
V. COMPARISON WITH RESULTS FROM OTHER EXPERIMENTS
A. KCSI experiments for toluene
We have recently published detailed experimental KCSI data for the collisional deactivation of toluene starting at an excitation energy of about 50 000 cm Ϫ1 . 4, 49 The similarities between the P(EЈ,E) distributions from the toluene and azulene experiments were already discussed above.
It is standard practice in the literature to compare the first moments of different excited molecules for the same collider. Often then, ͗⌬E͘ values and their energy dependences are discussed and interpreted, without considering differences in the collision numbers. In a majority of applications, e.g., in chemical reaction kinetics, the rates of energy transfer are the actual quantities of interest, typically in a competitive situation of CET with reactive or other processes. A comparison of the full rate coefficient of CET or related quantities is therefore much closer to actual needs, and also avoids any problems of the best choice and the energy dependence of collision numbers. For that reason, we consider the energy dependence of the moments k E,n of the rate coefficients k(EЈ,E) for CET given by k E,n ϭZ LJ ͗⌬E͑E͒ n ͘.
͑18͒
Specifically, we are interested in a comparison of k E,1 , the first moment of the rate coefficient ͓in units of cm 3 s Ϫ1 times energy ͑here in cm Ϫ1 ͔͒, as shown in Fig. 20 . There are two important findings. First, both excited molecules, toluene and azulene, show a similar linear in- crease of Ϫk E,1 with energy. Second, for all colliders we find that azulene is more efficient than toluene. At this pointbriefly coming back to a ''per collision'' picture-we note that this difference can be explained largely by the difference between the toluene and azulene collision numbers. The latter ones are consistently larger by 10%-20%. In the picture of individual molecular collisions in the gas phase one would therefore argue, that the larger Lennard-Jones diameter and well depth of azulene produces more inelastic collisions compared to toluene, and that the average energy transferred in a single collision for both systems is not so different. Still this cannot account for all the observed effects, e.g., for the colliders argon and n-heptane.
We ascribe this to the fact that azulene has more low lying vibrational frequencies compared to toluene and is therefore slightly more efficient. Trajectory calculations for large molecules by us 50 and others 51, 52 as well as work on smaller systems [53] [54] [55] have shown that low frequency vibrations, especially those showing large amplitude motions, are the dominant gateway modes in large molecule CET under gas phase conditions. The idea itself dates back to the model of Landau and Teller, 56 which however is only valid for linear atom-diatomic collisions in the adiabatic limit (͗⌬E͘ →0), so the applicability of such models to the large systems studied here, showing substantial amounts of inelastic collisions, is not necessarily expected. The impact of low frequency modes can be nicely illustrated by some of our accompanying trajectory calculations for azulene-Ar collisions ͑Fig. 21͒. For these, we used our valence force field ͑VFF͒ already successfully employed in a study of temperature dependent collisional energy transfer in the azulene system. 57 By changing the torsional barrier for twisting around the central C-C bond connecting the 7-and 5-membered rings, we can selectively tune the second lowest vibrational frequency of azulene ͑i.e., change the stiffness of the azulene ring system͒, and thereby study its influence on ͗⌬E͘. Experimentally, this frequency has been determined as 240 cm
Ϫ1
, 36 corresponding to a torsional barrier of 59.9 kcal mol Ϫ1 in our best fit VFF. By artificially lowering the barrier down to 4 kcal mol Ϫ1 this frequency drops to about 160 cm Ϫ1 , which is accompanied by a jump in Ϫ͗⌬E͘ from 120 to 180 cm Ϫ1 . Obviously, the less stiff the ring, the more efficient CET.
B. ''First moment'' data from UVA and IRF experiments
Over the years, azulene has served as a benchmark system for studies of collisional energy transfer. The data most relevant for comparison with the KCSI measurements comes from time-resolved methods employing UV absorption and IR fluorescence spectroscopy. As these methods cannot provide transition probabilities P(EЈ,E), we will restrict the following discussion to a comparison of the energy dependence of the first moments ͗⌬E(E)͘. Strictly speaking, UVA and IRF yield ͗͗⌬E(͗E͘)͘͘, which corresponds to a ͗⌬E(E)͘ ''bulk averaged'' over the distribution g(E) having energy ͗E͘,
However, we have already shown earlier that differences between the microcanonical and the respective bulk averaged values of the first moments are small, as long as one is sufficiently far away from thermal equilibrium. 4 In the following, we therefore use the notation ͗⌬E͘ for both quantities and we have not transformed our KCSI ͗⌬E͘ into the bulk quantity in any plot of this paper. A comparison for the bath gas helium is shown in Fig. 22 . All curves are scaled to the KCSI Lennard-Jones collision numbers ͑Table II͒.
UVA experiments
Four sets of UVA data are available. The earliest measurements by Hippler et al. reported an almost energy independent ͗⌬E͘ for all bath gases studied, except at the lowest energies. 10 However, later experiments of the same group with a better signal quality employing low 11 and high excitation energies 12 found a more or less linear energy dependence with a possible leveling-off at high energies. Figure 22 shows that especially at lower energies the older UVA data lie considerably higher than the KCSI values. This is a general trend observed for all the bath gases studied in those experiments.
In a more recent study by the Göttingen group a further improved signal to noise ratio was achieved. 13 These experiments were carried out at temperatures у373 K for excitation energies Ͻ20 000 cm Ϫ1 . Almost monoexponential decays of the UVA signals were observed. Because the calibration curve in this region exhibits an essentially linear energy dependence, this results in a linear energy dependence of ͗⌬E͘ over the whole energy range. For the whole set of colliders, these data show the closest agreement with the KCSI measurements. 
IRF experiments
The first time-resolved infrared fluorescence data for azulene were obtained by Barker and co-workers. 5, 6 A later reanalysis by the same group with an ''improved calibration curve'' changed the original ͗⌬E͘ values by 30%-50%. 9 In their so-called ''simple analysis'' they give values for two fixed energies (͗E͘ϭ13 943 and 24 023 cm Ϫ1 ͒. The results for helium are included in Fig. 22 and connected by dotted curves for the sake of clarity. Note that their argon results ͑not shown here͒ obtained from a more detailed master equation simulation in the same paper deviate substantially from the results of the ''simple analysis.'' The IRF analysis predicts a linear increase of Ϫ͗⌬E͘ with excess energy as the KCSI data. However, the IRF moments deviate substantially, ranging from a different slope ͑Fig. 22͒ to a substantial overestimation of Ϫ͗⌬E͘ for other bath gases ͑not shown here͒.
Reanalysis and recommendation
For all colliders studied, a considerable spread of the ͗⌬E͘ results is observed, as shown in Fig. 22 for the case of helium. Such diversity and spread of the literature data unfortunately support an existing and persisting belief among interested users of ͗⌬E͘ data for chemical kinetics purposes, that the field of CET is still not really settled and taking some sort of average values from literature data corresponds to the state of the art. However, such a procedure is by no means advisable, as we have found out by confronting the available IRF and UVA data with the KCSI results.
We have analyzed all UVA and IRF data-as far as we had access to experimental traces-by calculating UV absorption profiles ⑀(t) and IR fluorescence intensity curves I(t) from g(E,t) of KCSI and the respective calibration curves ͓⑀(͗E͘) for UVA and I(͗E͘) for IRF, respectively͔.
9,13,58 Surprisingly, we can show very convincingly that all these measurements agree nearly perfectly with the ͗⌬E͘ from KCSI, for azulene as well as toluene. Thus, the problem of the-at first sight-puzzling differences among various ''direct'' values of ͗⌬E͘ is solved. The detailed evidence will be published separately, tracing the observed differences back to either uncertainties in the IRF and UVA calibration curves 4, 49 or influences of self-collisions, both leading to different deduced values of ͗⌬E͘.
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For illustration, here we only give one example: In Fig.  23 a UVA trace for azulene*ϩhelium is shown, 11 which decays much faster than the simulated fit ͑dashed curve͒ using the KCSI parameters from Table IV . A more detailed inspection of the experimental conditions reveals a non-negligible influence of azulene self-collisions in the UVA data sets. We tried to estimate the contribution of azulene-azulene collisions on the UVA trace by adding a second exponent to our P(EЈ,E) expression Eq. ͑16͒,
Based on the experimental conditions given in Ref. 11 ͓ P(azulene)/ P total ϭ0.6%͔ we took xϭ6•10 Ϫ3 as a reasonable estimate for the contribution of efficient azuleneazulene collisions. Based on the ͗⌬E͘ data in Ref. 9 one can extrapolate that the behavior of azulene as collision partner should be very close to that of CHT. Therefore, we used CHT parameters from Table IV for B 0 , B 1 , and Y 2 in the second exponent of Eq. ͑20͒. The resulting simulation ͑dot-ted curve͒ in Fig. 23 shows excellent agreement with the experimental trace and therefore strongly suggests a contamination of the UVA traces by self-collisions, which has not been considered in the extraction of the UVA ͗⌬E͘ values.
A consistent set of such examples for several UVA and IRF signals will be given in our forthcoming publication. 59 By this procedure we can demonstrate that our ''self- calibrating'' KCSI data are in complete agreement with the body of available UVA and IRF measurements. Deviations in reported ͗⌬E͘ values from UVA and IRF ͑as, e.g., in Fig. 22͒ must therefore be due to the following two systematic errors in the UVA and IRF experiments, namely ͑1͒ contributions of efficient azulene self-collisions which were not accounted for and ͑2͒ unavoidable uncertainties in the UVA and IRF calibration curves. The second point can have drastic effects, as we have already shown for toluene in part II of this series. 4 On the basis of the present analysis one can give a clear recommendation: When available, KCSI data should be used, as they have the highest accuracy and can be-like in the present case-independent of any external calibration. Simply taking an average of several available measurements from different sources cannot be recommended in the light of the above discussion and the results of Ref. 59 . Experiments using high fractions of the parent molecule should be checked for the contribution of self-collisions, and corrected accordingly. One should also analyze if calibration curves of sufficient accuracy were used, as this will possibly introduce a substantial source of error.
C. Trajectory calculations and theoretical models
Trajectory calculations have yielded a wealth of information on CET. In this respect, the pioneering work of Gilbert and co-workers for large systems, e.g., azuleneϩrare gases, has to be mentioned. 60 Due to computational limitations, only a few hundred trajectories were calculated in these early investigations, and first ͗⌬E͘ values, most of them in the correct order of magnitude, could be obtained. Extended calculations by our group, using an improved valence force field for azulene, more sophisticated intermolecular potential functions and several 10 000 trajectories, reach an agreement within 30% of the experimental KCSI values. 57 Obtaining reliable P(EЈ,E) is an even more demanding task. Earlier calculations by us show that the intermolecular potential has an influence on the shape of the transition probability function. 61 Further calculations employing intermolecular potentials from ab initio calculations or molecular beam experiments will therefore be necessary to accurately model P(EЈ,E).
As far as theories are concerned, a complete model for describing details in large molecule energy transfer with predictive capabilities is still missing. One early approach was the ''biased randow walk ͑BRW͒'' model by Gilbert which describes CET as a diffusive process in energy space using a Smoluchowski-type equation. 62 Systematic agreement was however not very convincing. In addition, the model predicts a shifted Gaussian form for P(EЈ,E), which is strongly at variance with each experimental P(EЈ,E) from KCSI in all systems studied so far.
On the other side, the large group of statistical models has to be mentioned. 63, 64 Early simple approaches of this kind were hampered by the fact that they considerably overestimated the amount of energy transferred per collision, because they implicitly assumed a complete equilibration of all degrees of freedom in the collision complex. In reality, these collision complexes are, however, short-lived, as e.g., found in trajectory calculations. 62 Therefore suitable modifications have to be introduced to account for incomplete redistribution of energy between the collision partners during their encounter. Very recently, a breakthrough in the statistical description of CET has been achieved. The ''partially ergodic collision theory ͑PECT͒'' of Nordholm and co-workers [46] [47] [48] was extended by the same group to successfully predict the shape of the collisional transition probabilities in the toluene system.
14 A full account of the work for azulene is included in the following paper. 65 Here, we only want to mention that their modified statistical model represents the first theoretical approach which is able to qualitatively and semiquantitatively reproduce the shape of P(EЈ,E) from KCSI data. It therefore appears as if our-originally purely empiricalminimum parameter form of P(EЈ,E) ͓Eq. ͑16͔͒ can thus be related to some basic physical background, as the overall mechanisms governing the energy transfer are apparently-to a considerable extent-correctly reproduced by a suitable statistical treatment.
VI. CONCLUSIONS
The collisional relaxation of highly vibrationally excited azulene in eight different bath gases has been studied using 2-color KCSI. A series of complete, experimental P(EЈ,E) distributions for this system could thus be obtained again, just as for toluene relaxation before. 4 All data could be represented perfectly by our recently proposed minimum parameter form for P(EЈ,E) with a variable exponent Y in the argument ͓Eq. ͑16͔͒. The systematic trends for various colliders found in our earlier studies on toluene were confirmed ͑from Y Ͻ1 for small monoatomic colliders to Y Ͼ1 for large polyatomic colliders͒. The different shapes of P(EЈ,E) can be explained by a modified statistical model which will be presented in the following paper. 65 In approximate simulations we have quantified a nearly negligible influence of the wings of P(EЈ,E) at amplitudes roughly Ͻ1ϫ10 Ϫ6 (cm Ϫ1 ) Ϫ1 on the population distributions. Although further refined calculations will provide more detail, it is nevertheless already apparent that collisions at these low amplitudes are of negligible importance for the rates of chemical reactions, apart from rare special experimental situations. The P(EЈ,E) data reflect into moments ͗⌬E͘ and ͗⌬E 2 ͘ 1/2 of very high precision. A benchmark character of the data is achieved in this system as it is shown, that the results are ''self-calibrating.'' An experimental situation is reached, where no input of external molecular data ͑''calibration'' or ''reference''͒ is necessary, in contrast to all other available methods in energy transfer, like UVA and IRF. An ͑approximately͒ linear dependence of ͗⌬E͘ and ͗⌬E 2 ͘
